Using numerical simulations, we demonstrate that fine shape details of gold nanoring-disks are responsible for significant modifications of their localized surface plasmon properties. The numerical results are supported by optical transmission measurements and by atomic force microscopy. In particular, we found that, depending on the ring wall sharpness, the spectral shift of the ring-like localized surface plasmon resonance can be as large as few hundred nanometers. These results shed the light on the strong sensitivity of the surface plasmon properties to very small deviations of the ring and disk shapes from the ideally flat surfaces and sharp edges. This effect is particularly important for tailoring the surface plasmon properties of metallic nanostrutures presenting edges and wedges for applications in bio-and chemical sensing and for enhancement of light scattering.
Introduction
Due to their optical properties, metallic nanoparticles and nanostructures are very interesting for various applications such as chemical and biological sensing [1] [2] [3] [4] , field-enhancement spectroscopies (SERS, SEIRA) [5] [6] [7] [8] , solar cells optimization [9] , and highly integrated optical devices (resonators, optical emitters, nanoantennas, nanoswitches) [10] [11] [12] . The properties of metallic nanostructures include the optical excitation of surface plasmon resonances (LSPRs), strong localization of the energy at the nanometer scale, enhancement of electric fields, and resonance wavelength tunability [13] [14] [15] . The influence of morphology on the optical properties of small metallic nanoparticles has been studied both theoretically and experimentally by several groups [4, 14, [16] [17] [18] [19] [20] [21] [22] . Due to small defects, shape and size changes, strong variations in the optical properties of metallic nano-objects are expected and experimentally observed [23, 24] .
Among the wide variety of plasmonic nano-resonators, ring-disks are very interesting nanoobjects because they allow for a high tunability of the LSPR owing to the interaction between the nanoring walls [3, 7, 10, [25] [26] [27] [28] . Moreover, it has been shown that small structural symmetry breaking of such nano-objects leads to strong variations of the LSPRs [28-30]. Nonzero sidewall angle effects have also been shown experimentally in metamaterials [31] . In this work, we investigate experimentally and numerically the dependence of the surface plasmon properties of ring-disks on fine shape details, namely the wall sharpness and profile of the nanoring and the nanodisk. The comparison between numerical and experimental results, combined with high-resolution scanning electron microscopy (HRSEM) and atomic force microscopy (AFM) images supports the importance of the fine shape details to fully determine optical properties of the ring-disks.
Nanofabrication and optical measurements
Two gold nanoring-disk samples NRD240 and NRD280, consisting in periodic arrays of concentric nanodisk (ND) and nanoring (NR), have been studied. The samples were fabricated using a protocol combining electron beam lithography (EBL) and thermal evaporation [8, 24, 32] of Au(25 nm)/Cr(3 nm) on quartz substrates. The ND and NR have a nominal height of h =28 nm and were processed on a 100 µm x 100 µm area. Figure 1 shows HRSEM (a), AFM (b, d) images, and an AFM profile scan (c) of a typical nanoring-disk. The average size parameters extracted from the HRSEM and AFM measurements are quoted in Table 1 . The axis to axis separation between ring-disks is 480 and 560 nm for samples NRD240 and NRD280, respectively. For such large separation, the electromagnetic nearfield interactions between adjacent ring-disks can be neglected [33] .
The fine details of the shape of a typical ring-disk are revealed by the AFM measurements (Figures 1c and 1d) . The fabrication process leads to two main features: i) the side walls of the NR and ND are not vertical but slightly tilted, ii) the NR and the ND do not present the ideal profile characterized by flat surfaces and sharp edges. They rather exhibit a rounded surface on top and smooth edges. Defects resembling small bumps and craters on the top of the ringdisk are also visible. One must keep in mind that the AFM resolution is limited by the tip size and by the response time of the experimental setup. The AFM image and topography profile in Figures 1d and 1c were acquired at low speed (ṽ tip ≈5 µm/s) in order to reduce those limitations. Figure 2 shows the optical density (OD) spectra of samples NRD240 and NRD280 obtained as OD = − log(T ), where T is the measured transmittance. Spectra were recorded in the 400- 1700 nm spectral range and do not extend further into the infrared due to limitation of the spectrophotometer. The incident light was unpolarized. The transmitted light was collected through a 36X long working distance microscope objective with 0.5 numerical aperture. The probed area is around 250 µm 2 located at the center of the 100 µm x 100 µm processed area. The number of probed nano-objects is about 1100 and 800 in the case of ring-disks separated by 480 nm and 560 nm, respectively. As observed in Figure 2 , the OD spectra exhibit two resonances: one in the visible (around 670 nm) and another in the infrared (around 1550 nm and 1700 nm depending on sample) which are associated to disk-like and ring-like LSPRs, respectively [27, 34-36].
The measured LSPR wavelengths and linewidths are quoted in Table 2 . The ring-disks showed a good uniformity as attested by the weak dependence of the LSPR wavelengths on the probed point of the 100 µm x 100 µm area.
Simulations and comparison with experiments
To compare the experimental results with the calculations, we simulated the surface plasmon properties of ring-disks using the boundary elements method (BEM) [5, 26, 37, 38] . The bulk dielectric function of gold used in the calculations has been taken from Johnson and Christy [39] . Calculations were performed for a single ring-disk with characteristic dimensions corresponding to samples NRD240 and NRD280 (cf. Table 1 ). The ring-disk is located on the top of a quartz substrate (optical index from Ref.
[40]), and the incident electric field E i is propagating at normal incidence with polarization in the plane of the ring-disk. The 3 nm-Cr layer (optical index from Ref.
[41]), that allows for improving the attachment of the ring-disk to the quartz substrate, is taken into account in the simulations.
The spectra presented in Figure 2 were calculated for a perfect ring-disk, i.e. for NR and ND with sharp edges and flat surfaces as sketched in (Figure 3a) . The wavelength of the disk-like LSPR is correctly described by the calculations (see also Table 2 ). On the contrary, the discrepancy between measured and calculated wavelengths of the ring-like LSPR is considerable. Indeed, the ring-like LSPR measured for samples NRD240 and NRD280 are red-shifted by 316 nm and 469 nm, respectively, in comparison with the calculated LSPRs ( Figure 2 ). Such differences cannot be explained by variations in the ND and NR sizes. Indeed, one needs to double the NR diameter in order to account for the measured ring-like LSPR wavelengths. Since the ring walls are here very thin (30 nm and 39 nm for NRD240 and NRD280, respectively), their actual shape may strongly influence their surface plasmon resonances. In particular, the ring walls exhibit a rounded shape on top, rather than being ideally flat, as observed by AFM imaging and topography profiles (Figures 1d and 1c) . Therefore, we study the influence of these fine shape details on the surface plasmon properties. Hence, we consider ring-disks with more realistic profiles, i.e. shapes mimicking those observed by AFM (Figure 3b) . Instead of being vertical and sharp, the NR and ND walls are now tilted and have a rounded shape on top. 4 presents extinction spectra of NRD240 and NRD280 ring-disks simulated for various ND and NR profiles. The disk-like LSPR λ ND is only slightly affected by the change in shape: a maximum red-shift of only 11 nm with respect to the ideal sharp profile is found. Intuitively, this can be understood in terms of small shape deformation compared to the large disk size (either 90 nm or 112 nm in diameter). On the contrary, the infrared ring-like LSPR λ NR red-shifts by several hundreds of nanometers with increasing deformation (Figure 4a ). This significant spectral shift is directly connected to the interaction between inner and outer NR walls [26] . Indeed, by rounding the ring, both walls are slightly tilted and so result in a decrease of the mean wall thickness, thus leading to an increase of the inter-walls interaction. The smoother the edges are, the thinner the ring is, and the stronger the interaction becomes. This is the reason why the ring-like LSPR red-shifts when the rounded shape of the NR becomes more and more pronounced. The inset in Figure 4a shows the dependence of the relative spectral shift of the LSPR ∆λ /λ ideal LSPR , λ ideal LSPR being the LSPR wavelength of the ideally flat ring-disk exhibiting sharp edges, as a function of the deviation of the mean NR wall thickness w from the nominal wall thickness w of the ideal NR. It can be noticed from this figure of merit that a 10% decrease of the mean wall thickness induces a 25% spectral red-shift of the ring-like LSPR. The strong sensitivity of the ring-like LSPR to small shape variations is due to the small ring wall thickness (either 30 nm or 39 nm). We specifically address this point further with the nearfield study. Figure 4b presents a comparison between the measured optical density (OD) spectrum and the extinction spectra simulated for both the ring-disk with sharp edges and the ring-disk with the rounded shape that accounts for the observed ring-like LSPR wavelength. This comparison is presented for sample NRD240 for which the infrared ring-like LSPR is clearly observed. The calculated LSPR wavelengths and linewidths are quoted in Table 2 . The experimental spectra are acquired from 1100 and 800 ring-disks in case of samples NRD240 and NRD280, respectively (cf. Section 2). The quantitative analysis of the ring-like LSPR allows for determining the average shape of those probed ring-disks as shown in Figure 4 . Furthermore, it is interesting to notice that the calculated ring-like LSPR is narrower and nearly three times more intense than the measured one (Table 2 and Figure 4b ) in case of sample NRD240. We attribute this difference to the fact that the bulk dielectric function of gold is used in the simulations whereas our ring-disks present a high surface to volume ratio, which deviates from the bulk approximation. Moreover, size and shape fluctuations of the ring-disk as well as the roughness (bump and crater defects) visible in the AFM images (Figures 1b and 1d) have already been studied [19] . It has been shown that a distribution of about 360 bumps and craters with diameters ranging from 8 nm to 20 nm on the surface of a nanoshell induces a spectral red-shift of about 20 nm and contributes to the inhomogeneous broadening of the LSPR. The eccentricity of the ring-disks has also been studied both experimentally and theoretically [28] [29] [30] . A 17 nm displacement of the ND with respect to the NR center induces a spectral red-shift of the order of 25 nm. Considering the good quality of our samples, and the relatively small influence of the two effects (relative spectral shifts of the order of 2%), we can conclude that neither the presence of some defects (bumps and craters) nor the very small eccentricity of the ring-disks can be responsible for the significant spectral shift of the ring-like LSPR reported in our work. Figure 5 compares the model profiles, extracted from the quantitative analysis of the extinction spectra (cf. Figure 3) , to the top part of the AFM profiles (cf. Figure 1) . The latter were obtained by averaging AFM-profile scans measured from 10 ring-disks of samples NRD240 and NRD280. The general feature of the realistic rounded ring-disk profiles is in good agreement with the measured topography profiles. In particular, the rounded shape of the NR top surface is well accounted for, though the actual AFM profiles appear broader due to experimental limitations, specially at the ring-disk base (cf. Section 2). However, the HRSEM image (cf. Figure 1c) shows a clear gap between the NR and the ND, thus supporting this AFM resolution limit. From the simulations, we found that a 3 nm broadening of the NR base (corresponding to the experimental accuracy) leads to a blue shift of the ring-like LSPR of about 15 nm. This value is much smaller than the shift induced by the rounded shapes (Figure 2) . Furthermore, it can be noticed that for NRD240, the experimental NR height (h NR ) is slightly lower than that of the ND (h ND ). The calculations performed with a profile taking into account this mismatch (h NR =25 nm< h ND =28 nm, red dashed line in Figure 5b) show that the ring-like LSPR redshifts by only 30 nm (with respect to the LSPR obtained with the ideal profile). Indeed, since the ring-like surface plasmon modes are related to the inter-walls interaction, the LSPRs only weakly depend on the NR and ND height fluctuations. It is interesting to determine the impact of the ring-disk shape on the surface plasmon nearfield distribution. To do so, we have calculated the local field enhancement | E loc |/| E i | for both ring-disks with sharp edges and ring-disks with the rounded shape that accounts for the observed LSPRs (blue dashed line in Figure 5b) . The results are presented in Figure 6 for the ring-disk NRD240. The nearfield distributions are shown for resonant excitation of the disk-like (Figures 6a and 6b ) and ring-like (Figures 6c and 6d ) LSPRs. For resonant excitation with the visible LSPR, only the dipolar surface plasmon mode of the ND is activated, thus supporting the disk-like nature of this LSPR. Similarly, the resonant excitation of the infrared LSPR generates a strong field localization around the NR. This surface plasmon mode corresponds to the interaction between the NR walls. Moreover, part of the local field is also localized within the NR-ND gap due to the interaction between the NR and the ND. The spatial distributions of the nearfield intensity around the NR support the ring-like nature of the surface plasmon modes. Though slight amplitude changes can be noticed in Figures 6c and 6d , when rounding the NR and ND shapes, the general feature is preserved. These little changes arise from the sharpness of the NR edges. Indeed, in the sharp NR, there is a strong surface charge density localization on top of the NR sustained by the edges, while in the rounded NR it is quasi-uniformly distributed all over the NR wall. This effect reflects in the nearfield distribution (upper panels in Figures 6c and 6d) . Furthermore, it is worthwhile to notice that the electric nearfield is more localized around the ring-disk with rounded surfaces and smooth edges (Figure 6d ) due to stronger NR inter-walls interaction (as compared to Figure 6c ). Figure 6e shows the nearfield distribution around the ring-disk with smooth edges and rounded surfaces with an incident wavelength in resonance with the LSPR of the ring-disk presenting sharp edges and flat surfaces (λ ideal LSPR = 1214 nm). From these nearfield maps we can notice that we are now out of resonance (lower local field enhancement) and that we loose the ring-like behavior (nearfield more localized within the NR-ND gap). Indeed, the LSP mode excited at 1214 nm is now the result of a mixing between the disk-like and the ring-like LSPRs.
Conclusion
Tailoring the optical properties of plasmonic nanostructures requires a complete understanding of the physical parameters that may influence the LSPR. Plasmonic nano-resonators are generally designed from numerical simulations of ideal nano-objects with the aim of targeting specific applications. In this work we showed that in a ring-disk, the ring-like LSPR wavelength is determined not only by the disk and ring diameters but also by the fine shape deformation of the ring walls and edges caused by the lithography and lift-off processes. We found that a rounded shape of the ring surfaces and edges is responsible for significant red-shifts of the ring-like LSPR that can be as large as 469 nm with respect to the perfect ring-disk with vertical side walls, flat surfaces and sharp edges. Moreover, based on numerical simulations and on a quantitative analysis of the shape effect we were able to extract, from the measured optical spectra, average ring-disk shapes. Good agreement was found with the AFM profiles. This work shows that the actual shape of plasmonic nano-resonators that exhibit small imperfections can strongly impact their LSPR properties. It sheds light on the importance of taking into account the fine shape details of nanostructures exhibiting corners, edges and wedges (e.g. bowtie antennas, nanorods, nanostars) and of systems involving strong electromagnetic interactions (e.g. sharp tip interacting with an object, coupled nanoantennas). This effect is also of importance for the accurate design of plasmonic structures for optical signal processing and control.
